Introduction
In handball, the risk of ACL injury is high, with 2.29 injuries / 1000 match-hours in Norway [42, 43, 55] . Depending on the level of practice, the risk for women is 1.6-4.6 times greater than for men [30, 47, 49] . In order to determine appropriate preventative strategies, interactions between risk factors and injury mechanisms should be analyzed using a sport-specific approach [3] . The etiology of ACL lesions is multifactorial, including neuromuscular, biomechanical, anatomical and hormonal factors [25, 40, 55, 57] . Twothirds of ACL injuries that occur in handball result from non-contact situations such as during accelerations, pivots and changes of direction, overflows and jumps [7, 30, 40, 44, 45, 49] . Furthermore, in soccer it has been well identified that this injury happens mostly in the final stages of the match [16, 58] . As muscles contribute to joint stability, neuromuscular fatigue is often suggested as a risk factor of non-contact ACL injuries [1] . Neuromuscular fatigue appears to affect the performance of muscles and ligaments in women [5] . Fatigue of proximal or distal muscles modifies joint kinematics during reception, affecting the dynamic valgus of the knee [29, 49] , and should lead to changes in reactive strength of leg muscles [60] . Muscle strength, and particularly muscle balance (quadriceps and hamstrings for the sagittal plane), are key factors that determine joint stability [9, 11, 12] . Their deficit has been described as part of the mechanisms related to ACL injuries and fatigue [13, 32, 50, 51] . A study of 34 semi-professional male soccer players who carried out a concentric isokinetic endurance test showed that fatigue had a major but different effect on both quadriceps and hamstring strength (reduction of 54 and 65 % respectively after 50 repetitions). This unequal reduction in strength reduces agonist / antagonist ratios, altering knee stability [53] . Another study
The risk of anterior cruciate ligament injury in female handball players is high. Fatigue of active stabilizers and increases in joint laxity are often mentioned in the literature as causal factors. However, no studies have been carried out on this population. Our objective is to determine the effect of muscle fatigue on active and passive knee stability in female handball players. This prospective study assessed tibiofemoral joint laxity, as well as hamstring and quadriceps strength, before (T initial ), during and 3 min after (T final ) an isokinetic fatigue protocol (25 repetitions of knee flexion / extension at 180 °.s − 1 ) . Laxity values (slope of the displacement-load curve and anterior tibial translation) were measured using a GNRB-Rotab ® arthrometer; torque values were measured at specific joint angles and peak muscle torque using an isokinetic dynamometer. Nineteen women (20.9 ± 2.4 years, 62.0 ± 4.9 kg, 166 ± 5 cm) were included. Normalized peak torque decreased significantly between the first three and last three repetitions of the fatigue protocol (p < 0.0001, ES = 3.2 and 3.2). Slope of the displacement-load curve and anterior tibial translation, functional and conventional ratios did not change significantly between T initial and T final. Active and passive markers of knee stability were not altered by a fatigue protocol in female handball players, suggesting these players have a large capacity for recovery. These results suggest that muscle strengthening to prevent ACL injury in female handball players may be inappropriate. Level of evidence: Level 2b, Prospective Cohort. evaluated sex differences in reflex hamstring responses and knee joint laxity before and after a fatigue protocol (25 women and 25 men with no history of injury). Compared with the men, latency of the hamstring reflex was longer in women under fatigue, with a significant reduction in activity of the biceps femoris and the semi-tendinous muscles in the 20-40 ms interval. Loaded anterior tibial translation was found to be significantly greater in women [5] .
The aims of this study were 1) to determine the effects of muscle fatigue on active and passive knee stability in female handball players and 2) to evaluate the relationship between measures of muscle strength and ligament laxity / joint stability.(▶Table 1)
Materials and Methods
This prospective study was carried out in a functional rehabilitation unit over a 3-month period during a competitive season, as part of the medical-athletic follow-up of the players.
Subjects and study design
Nineteen women (20.9 ± 2.39 years, 62.00 ± 4.86 kg, 166.32 ± 5.32 cm) with no progressive neurological or systemic diseases that could influence the active or passive structures of the knee participated in this study. All were second league handball players.
The inclusion criteria were: aged over 18 years old, right leg dominant athlete, with at least 5 years' experience in competitive handball, and 7 h/week practice on average. Leg dominance is subjectively defined by asking the subject which leg they would prefer to use to kick a ball as far as possible, as described in previous publications [21, 22, 26, 36] . The exclusion criteria were: previous ACL rupture, recent traumatic injury to the right lower limb (including wounds) that required abstinence from competition during the 6 months preceding inclusion [33] . Players with significant onset of pain ( > 20 mm on the VAS) at the end of the warm-up or instability found on Lachman's test or an isokinetic dynamometer test were excluded. Pain VAS has been assessed with a continuous scale that is comprised of a horizontal line, 10 centimeters (100 mm) in length, anchored by two verbal descriptors, one for each extreme symptom: "no pain" (score of zero) and "pain as bad as it could be" or "worst imaginable pain" (score of 100 [100 mm scale]), 20 mm level corresponding to the minimal clinically important difference (MCID) mostly described in the literature [28] .
Experimental procedure
The procedure involved fatiguing the quadriceps and hamstring muscles of the right leg. Isokinetic and posterior-anterior tibial translation measurements were taken before (T initial ) and after 3 min of rest at the end of the fatigue protocol (T final ). The order of the measurements was inversed between T initial and T final in order to limit set-up time. (▶ Fig. 1 ). All subjects began with a standardized 10 min warm-up on a static bicycle at 120 W, at a comfortable speed that corresponded to 62 rpm on average [2, 23] .
Evaluation of posterior-anterior tibial translation
The intrinsic stability of the knee joint was measured on the right knee using a GNRB-Rotab ® (▶ Fig. 2 ). Sagittal tibial displacement and rotation were measured with the knee in 20 ° of flexion [14] . A strap ensured symmetrical pressure on the patella during the test, controlled by a pressure sensor. The posterior-anterior displacement sensor was placed on the anterior tibial tuberosity. The foot was strapped in an articulated boot on which the tibial rotation sensor was fixed. A cylinder exerted a thrust of adjustable intensity on the upper part of the calf so as to translate the tibia anteriority on the femur.
The GNRB-Rotab ® has been shown to accurately diagnose laxity at the knee joint and has excellent inter and intra-observer reliability [6, 8, 35, 52, 56] . Three 200 N thrusts were exerted on the tibia. 200 N force load level of thrust has been shown to have greater sensitivity and specificity than higher force levels [34, 39] . 
Isokinetic evaluation
Right knee flexor and extensor muscle strength were evaluated using a Kincom ® isokinetic dynamometer (Kin-Com ® 500 H: Chattecx Corp., Chattanooga, TN, USA) with correction of the gravityinduced moment [2, 23] , the subjects were seated with the hip flexed at 90 °. The lever arm was placed two centimeters above the medial malleolus and its length recorded separately. Quadricep and hamstring strength values were recorded during consecutive flexion-extension movements over a range of 90 ° of knee flexion to full extension in concentric mode and vice versa in eccentric mode, as indicated by the arrows in the ▶Fig. 3. All subjects performed a warm-up of 10 submaximal concentric contractions at a velocity of 90 °.s − 1 for familiarization. Three tests were then performed by selecting "concentric" or "eccentric" mode in the controller of the isokinetic dynamometer: two concentric tests at 240 °.s − 1 and 60 °.s − 1 and an eccentric test at 30 °.s − 1 . In concentric mode, quadriceps strength was recorded during the extension and hamstring strength during flexion, and vice versa in eccentric mode.
Three trials were carried out for each speed and strong verbal stimulation was given throughout: participants were asked to "push" or "pull" during concentric testing, and "resist" during eccentric testing. Three submaximal eccentric repetitions were performed at 90 °.s − 1 prior to the eccentric test at 30 °.s − 1 to familiarize the subjects with this highly demanding measurement mode. All subjects rested for 1 min between each series of tests [2] .
Fatigue protocol
The fatigue protocol consisted of 25 maximal repetitions of concentric flexion / extension at 180 °.s − 1 , performed on an isokinetic dynamometer according to a procedure that has been validated in soccer players [4, 53, 54] . All subjects rested for 3 min at the end of the protocol, before T final testing.
Data analysis
Dependent quantitative variables (peak muscle force, anterior tibial translation, slope of the displacement-load curve obtained on the GNRB-Rotab ® ), length of the isokinetic dynamometer lever arm and body mass were recorded.
Peak extensor and flexor force (N) were recorded for each test as well as during the first three and last three repetitions of the fatigue protocol. Hamstring (H) and quadricep (Q) force values at specific joint angles were logged for further analysis at 15 °, 30 ° and 45 ° of knee flexion for each test.
Quadriceps and hamstring peak forces, as well as forces at specific joint angles, were multiplied by the length (m) of the isokinetic dynamometer lever arm and normalized by the body mass (kg) of the athlete to obtain the normalized torques ( as peak concentric and eccentric quadriceps torque production is likely to occur in the mid-late range of the movement (40-80 ° of flexion) [17, 59] .
GNRB-Rotab ® values were recorded by the device software. The slope of the displacement-load curves (anterior tibial translation mm / force load in newtons), which reflects ligament elasticity, provided an overview of laxity [35] . Slope of the displacement-load curve (mm.N − 1 ) and tibial translation (mm) data were recorded for the right leg at T Initial and T Final . Values for the second thrust were analyzed for each subject to avoid bias associated with any apprehension during the GNRB-Rotab ® measurements [34, 39] .
Ethical approval
The study was conducted according to the declaration of Helsinki and the ethical standards of the International Journal of Sports Medicine, and was approved by the University ethics committee [27] . Participation in the protocol lasted for around 2 h per subject. All subjects freely signed the informed consent prior to inclusion. dependent variables measured at T initial and T final and during the fatigue protocol were homogenous and normally distributed, thus parametric tests were used. Differences between the values at T initial and T final were analyzed using a Student's-t test. Correlations between isokinetic dynamometer and laximetry variables were calculated with a Pearson's correlation coefficient, by using the difference of the final and initial values of each parameter as representative of the change due to the fatigue protocol (Δ X = X final -X initial , where X is any of the variables studied). The following scale was used to evaluate the level of correlation (in absolute values, the sign indicates the direction of the correlation): r > 0.81 = very good correlation, 0.61 < r < 0.8 = good correlation, 0. 41 < r < 0.6 = medium correlation, r < 0.41 = poor correlation [31] . In each case the level of significance was established at α = 0.05. Effect sizes (ES) were calculated using the statistical software package G * Power (Version 3.1.9.2) [19] . The ES characterizes the degree of effectiveness of an intervention. Effect sizes between 0.10 and 0.25 were considered small, between 0.25 and 0.40 medium and above 0.40 as large [18] .
Statistical analysis

Results
Normalized peak concentric quadriceps torque did not change be- Normalized concentric peak torques during the first three and last three repetitions of the fatigue protocol decreased significant- 5 ).
The variations of slope of the displacement-load curve and tibial translation values between T initial and T final were significantly correlated (r = 0.932, p < 0.0001), however there was no correlation between isokinetic and GNRB-Rotab ® values.
Discussion
The aim of this study was to determine the effects of muscle fatigue on knee stability. During the fatigue protocol test a significant reduction in normalized peak torque has been recorded. The large effect sizes showed that the 25 concentric repetitions at 180 °•s − 1 effectively fatigued the quadriceps and hamstrings muscles (p < 0.0001, ES = 2.496 and 1.000, respectively). However, comparison of the results of the tests carried out before and 3 min after the fatigue protocol showed recovery of peak concentric and eccentric quadriceps torque and peak concentric hamstrings torque, but not peak eccentric hamstrings torque. Intrinsic knee stability did not decrease after the fatigue protocol.
Analysis of descriptive parameters
The results of this study seemed to show that pre-fatigue (T initial ) and post-fatigue (T final ) average H/Q conventional ratios at 60 and 240 °•s − 1 were greater than the optimal ratios described by Croisier and Crielaard for agonist / antagonist muscle balance [10] . However, they were in the same order of magnitude as the measurements made by Lund-Hanssen et al. [37] . This latter study evaluated 114 elite Scandinavian handball players who played at a higher level than the present sample. The results of our study are close to the ratio measured in their population, with 0.51 ± 0.10 at 60 °•s − 1 and 0.60 ± 0.11 at 240 °•s − 1 , respectively, in the present study versus 0.56 and 0.72 in the study by Lund-Hanssen et al. [37] . However, the values expressed at these speeds by these authors appear to be quite high and may be related to the measurement method, which is not sufficiently described. The high H/Q ratio could be explained by relative weakness of the quadriceps; however, this is unlikely in elite players, and more likely indicates a high level of torque generated by the hamstrings, above that of the general population. Epidemiological data from a sample similar to that of Lund-Hanssen et al. shows that the risk of ACL injury remains high [41, 42] . A longitudinal study is necessary in order to determine the risk of injury related to a low or high ratio at 240 °•s − 1 .
Studies that have used the GNRB-Rotab ® to evaluate knee stability have used heterogenous levels of thrust, and thus it is difficult to compare data. However, the values recorded for postero-anterior tibial translation were comparable to those of another prospective study of 118 subjects that used a 200 N thrust (0.70 mm ± 0.50 versus 0.65 ± 0.15 in this study) [34] .
Effect of the fatigue protocol on knee stability
Differences in the values of peak muscle torque, anterior tibial translation, slope of the displacement-load curve obtained on the GNRB ® between T initial and T final were not significant. Both the peak H/Q conventional and peak H/Q functional ratios remained stable between T initial and T final . This could hypothetically reflect a homogeneous decrease in peak torques produced by the quadriceps and hamstrings. Thus, although the ratio is the same, the stability of the knee joint may be reduced. However, we observed a stability of the normalized peak torque for both hamstring and quadriceps during the fatigue protocol. There was only a significant increase in peak hamstring torque at 30 °•s − 1 (eccentric) between T initial and T final (p = 0.05, ES = − 4.81) that must be considered when interpreting the stability of the functional ratio. According to recent studies by De Ste Croix et al. and El-Ashker et al., a joint-angle-specific approach allows at this point a more functional and comprehensive overview [17, 59] .
We observed a significant increase after fatigue of angle-specific H/Q functional ratio at 45 and 15 ° of knee flexion, explained by a decrease in the strength of the quadriceps at those angles while the strength of the hamstrings remains stable. In the same case, the significant increase of angle-specific H/Q conventional 240 °•s − 1 ratio at 30 and 15 ° of knee flexion is mainly due to the significant decrease in the strength of the quadriceps at 15 ° and the stability of hamstrings strength at 30 ° of knee flexion (▶Fig. 3, 4) . Therefore, active knee stability at the injury ranges of motions appears to increase after an isokinetic fatigue protocol. This suggests an adaptability of the muscular dynamic control throughout the knee range of motion to provide active stability in a fatigued state. However, in the fatigued state, previously published data suggests that muscle activation occurred later, thus resulting in delay in this protective muscle action: Behrens et al. found in an EMG study that fatigue had a significant effect on the contraction latency of the biceps femoris and semitendinosus muscles, with a significant decrease in activity in the 20-40 ms interval in a sample of 25 women [5] .
A recent study by El-Ashker et al. found a significant reduction in the angle-specific H/Q functional ratio as the knee moves towards full knee extension, suggesting that dynamic control were less effective in extended knee position [17] . In contrast, we found increased H/Q ratios as the knee moves towards knee extension (▶ Fig. 4) . The difference may be attributed to the measurement position (seated versus supine position in the El-Ashker et al. study) or to the categories of people who took part in the study (recreational adults versus competitive handball players). As far as the authors know, few studies examined angle-specific H/Q ratios among women. This should be considered for further analysis as it provides meaningful data.
In both cases, the agonist / antagonist balance of a handball player's knee in a fatigued state appears to differ from that of a soccer player's. A similar study in soccer players showed that the H/Q conventional ratio decreases in the fatigued state, with a large effect of fatigue on concentric work by the quadriceps and the hamstrings and thus a decrease in knee stability [53] .
Passive stability evaluated on the GNRB-Rotab ® also remained stable between T initial and T final . This contrasts with the results of Behrens et al. who found a significant increase in tibial translation in women after a maximum fatigue protocol [5] . An increase in tibial translation increases the risk of injury due to the alteration in axial loading and the decrease in tibial rotation and translation [5] . The difference in results may be attributed to the fact that Behrens et al. used a loaded evaluation that is closer to real-world conditions but cannot be carried out using the GNRB-Rotab ® . Future studies should use loaded measurements to increase the validity of the results for sports.
The correlation between slope of the displacement-load curve and anterior tibial translation measured on the GNRB-Rotab ® was excellent. This is not surprising since both laxity parameters are related to the intrinsic quality of the ligament.
The lack of correlation between the GNRB-Rotab ® and the isokinetic data suggests these measures are complementary. Both are relevant and could be used for the clinical assessment of athletes. They allow an accurate assessment of the intrinsic (ligament) and extrinsic (muscle) stability of the knee. Similarly, Behrens et al. found a lack of correlation between muscle strength and ligament laxity using the loaded measurement [5] .
Effectiveness of the fatigue protocol on the trained handball player
The fatigue protocol effectively fatigued the quadriceps and hamstring muscles as shown by the decrease in normalized peak torque between the first three and last three repetitions. However, concentric tests at T final suggest that the rest period of 3 min between the end of the fatigue protocol and the beginning of the T final test was sufficient to allow recovery. Handball is an intermittent sport, alternating intense phases of play and recovery phases. Manchado et al. identified a highly developed basic endurance capacity of female handball players [38] . Continuous measurements of heartrate during match play shows an high maximum oxygen uptake in competitive athletes correlated with the level and the amount of training of women's [24] . In this study a high capacity for rapid, intrinsic recovery should be hypothesized to explain the results at T final regarding the high level of the players and the number of years of practice (9.5 ± 3.4 years).
Limits
The increase in the eccentric performance of the hamstrings at 30 °•s − 1 between T initial and T Final may explain the stability of the functional ratio. However, it may result from habituation to the eccentric test. This test is particularly demanding and unusual. The three concentric 'warm-up' repetitions carried out at 90 °•s − 1 may not have conditioned the subjects to the eccentric test, resulting in a low normalized peak torque at T initial .
The lack of difference in performance between T initial and T Final suggests that the 25 concentric repetitions were insufficient to create lasting fatigue and may not represent the demands of a 45 min match. However, this protocol was used since it had been validated in soccer players [53] . It is possible that fatigue has different effects in different sporting populations, thus different protocols should be used.
Implications
The results of the present study suggest female handball players may not be vulnerable to muscle fatigue when performing an isokinetic fatigue protocol. Thus, endurance training may not be appropriate to prevent ACL injury in female handball players. Currently, handball-specific ACL injury prevention programs do not all focus on endurance training [41, 46, 48] . A meta-analysis of existing prevention programs showed these programs do reduce the risk of ACL injury but did not find a statistically significant association between training components and outcome among ACL injury studies [15] . Prevention programs must be simple, adapted and produce rapid solutions in order for coaches and athletes to comply [20] . Removing the endurance component could lighten programs and increase compliance. However, the role of muscle endurance in ACL injury should be evaluated using measures that reproduce on-field conditions to confirm the present results.
Conclusion
The results of this study suggest female handball players have a large capacity for recovery following an isokinetic neuromuscular fatigue protocol. The lack of change in both active and passive stability markers calls for further studies to be carried out in conditions of play, to better define the impact of neuromuscular fatigue on the risk of ACL injury.
